This paper evaluated the effect of multiwall carbon nanotube (MWCNT) on the properties of PBT/PC blends. The nanocomposites were obtained by melt blending MWCNT in the weight percentages 0.15, 0.3, and 0.45 wt% with PBT/PC blends in a high performance corotating twin screw extruder. Samples were characterized by tensile testing, dynamic mechanical analysis, thermal analysis, scanning electron microscopy, and X-ray diffraction. Concentrations of PBT and PC are optimized as 80 : 20 based on mechanical properties. A small amount of MWCNT shows better increase in the thermal and mechanical properties of the blends of PBT/PC nanocomposite when compared to nanoclays or inorganic fillers. The ultimate tensile strength of the nanocomposites increased from 54 MPa to 85 MPa with addition of MWCNT up to 0.3% and then decreased.The tensile modulus values were increased to about 60% and the flexural modulus was more than about 80%. The impact strength was also improved with 20% PC to about 60% and with 0.15% MWCNT to about 50%. The HDT also improved from 127 ∘ C to 205 ∘ C. It can be seen from XRD result that the crystallinity of PBT is less affected by incorporating MWCNT. The crystallizing temperature was increased and the MWCNT may act as a strong nucleating agent.
Introduction
Polyesters like PBT and PET are semicrystalline and possess high stiffness, hardness, dimensional stability, good bearing strength, good electrical properties, excellent flow characteristics, and good resistance to chemicals but have low impact strength. PC has excellent impact strength.
Polymer blends are developed in an effort to meet cost/performance required in many engineering applications. In these blends, it is important to establish some level of interfacial adhesion between the components in order to achieve the necessary toughness. The required bonding is achieved in some commercial blends, for example, polybutylene terephthalate/polyethylene terephthalate (PBT/PET), polybutylene terephthalate/polycarbonate (PBT/PC), as a result of the partial miscibility between the blend components [1] [2] [3] [4] [5] . PC-PBT is useful for car bumpers, front ends by Bayer (trade name: Macro Blend). DSM also recently announced PC-PET blends. The PBT/PC finds use in many engineering applications like automotive body panels, in outdoor power, or recreational equipment, appliance housings, telecommunication, and so forth. The PC will improve the impact strength and elongation of PBT since PBT like PET has lower impact strength [6] [7] [8] . The various blends of PBT and the properties improvement are also given in [8] .
The properties of the high polymer blends can be further improved by compounding with glass fibre or carbon fibre. The recently found carbon nanotube (single-/mutliwall) has the potential to further improve the properties due to their high strength (∼130 GPa) and has high aspect ratio (length: few micrometres; diameter: 1 nm) [9] [10] [11] [12] . The positive effect of nanotubes to polymer properties can be derived directly not only from the MWCNT properties and their volume fraction but also from their influence on morphology, crystallinity [13] , and glass transition temperature [14] [15] [16] . Though it imparts good properties, it is very difficult to achieve these fundamental properties in experimental composites due to the need to disperse the individual nanotubes into the matrix and to ensure sufficient interfacial stress transfer between nanotubes and matrix [17] . The main issue in the production of carbon nanotube reinforced polymers is to avoid the agglomeration of nanotubes in the polymer matrix [18] .
Recent studies on MWCNT with ethylene vinyl acetate (EVA) show improved flame retardancy and thermal properties [19] . Studies on glass fibers-carbon nanotube epoxy composites have been reported [20] . Novel approach for the conductive nanocompounds by using polypyrrole MWCNT also has been published in the literature [21] . Applications of MWCNT composites in aviation industry with various characteristics of CNT and MWCNT are given in this reference [22] . Comparison and analysis of physical properties of carbon nanomaterial doped polymer composites were also reported [23] . Highly electrical conducting PS/MWCNT nanocomposites properties by in situ polymerization were reported [24] . Studies on PC/ABS blends with MWCNT were recently reported [25] .
The MWCNT in blends may be useful as an ultraviolet (UV) stabilizer in the outdoor applications like automotive applications with higher mechanical and thermal properties, though the electrical insulation may be little lower. In the present paper, PBT is melt-blended with PC in three different formulations (10, 20 , and 30 wt%). In 80% : 20% ratio PBT and PC, the MWCNTs were melt-dispersed. The influence of MWCNT on the mechanical and thermal properties of the blend was evaluated.
Experimental
2.1. Materials. PBT (Crastin, CNC010), melting temperature 225 ∘ C, was purchased from DuPont (Chennai, India) and PC (CORNING), melting temperature 220 ∘ C, was procured from Sigma Aldrich (Chennai, India). The multiwall nanotube was supplied by Sun Nanotech Co. Ltd., China. Nonisothermal crystallization analysis was performed by means of a differential scanning calorimeter (PerkinElmer, Pyris Diamond DSC). The standard procedure performed was as follows: samples of about 5-10 mg were heated from 5 ∘ C to 250 ∘ C at a scan rate of 10 ∘ C/min and held for 2 min in order to eliminate any thermal history of the material. Subsequently, the samples were cooled to 50 ∘ C using scan rate of 10 ∘ C/min. The heat distortion temperature (HDT) (atsfaar, Italy) of the nanocomposites was measured under load (1.8 MPa) according to ASTM D 648.
Twin Screw
Dynamic mechanical analysis measurement was carried out on a thermal analyser (TA Instrument). The materials were cut into strips with length of 60 mm and thickness of 3 mm. Tests were performed at a frequency of 10 Hz between 30 ∘ C and 220 ∘ C with a ramp of 3 ∘ C/min. The characteristics of the fracture surface of the samples were investigated after slight gold sputtering, using a field emission scanning electron microscope (SEM-FEG). The wide angle X-ray diffraction (WAXD) analysis was performed with a BRUKER D8 ADVANCE X-ray diffractometer using Ni-filtered Cu K X-ray, and the diffracting intensities were recorded at a step of every 2 over the range of 10-40 . The microstructure of the nanocomposite and the CNT distribution in the polymer blend were observed.
Result and Discussion

Dispersion of MWCNTs.
Dispersion of MWCNTs is critical in order to improve the mechanical properties. Poor dispersion of MWCNT leads to localized micron-sized agglomerates which can negatively influence the strengthening mechanism of MWCNTs such as crack deflection or crack bridging. If the MWCNTs are well dispersed, they form a three-dimensional physical network thereby effectively enhancing the overall performance of the material.
Mechanical Properties
Effect of Incorporation of PC on the Mechanical Properties of PBT.
Mechanical properties of virgin PBT and PBT/PC at different concentrations (90 : 10, 80 : 20, and 70 : 30%) are summarized in Table 1 . It is observed that on increasing the PC concentration in the blend up to 20%, the mechanical properties increase. This is due to the toughening effect of PC. Above 20% of PC, the blend shows a decrease in tensile strength and flexural strength. This is due to the higher polarity of PC and semicompatibility with PBT. But, in the case of impact strength, as the concentration of PC increases, the impact strength also increases because the PC has an excellent impact strength compared to that of PBT. Table 2 addition of MWCNT. It can be observed that with an increase from 0.15 wt% to 0.3 wt % of MWCNT concentration, the Young's modulus and tensile strength increase enormously. This may be attributed to the better reinforcement of the MWCNT when incorporated in the PBT/PC matrix and hence better performance was observed. On the other hand, the tensile strength reduces by incorporation of 0.45 wt% of MWCNT. Similar trend was observed with flexural strength and modulus. It may be caused by the disturbance of the PBT crystallization and saturation in this sample. The incorporation of MWCNT on the matrix first increases for 0.15% and then reduces the impact strength value. This is due to the reinforcing effect of MWCNT on the matrix. The PBT/PC MWCNT composites show higher impact strength values than those of virgin PBT. 
Effect of Loading MWNT on the Mechanical Properties of PBT/PC Blend.
Thermal Properties
Heat Distortion Temperature (HDT).
The HDT plays an important role in determining the performance of engineering plastics at the elevated temperature. The HDT can be influenced by various factors such as the polymer melt, mold temperature, the nucleating agent, and various processing conditions, which is often related to the mechanical and thermal behavior of the polymer composite. The variations in the HDT values for the PBT, PBT/PC blend, and the nanocomposites are shown in Table 3 . The HDT values of the nanocomposites increased enormously with the MWCNT content which is due to the enormous increase in the flexural modulus of the nanocomposites. In the HDT measurement, the ability of the polymeric material to retain stiffness with the increasing temperature is important for a high HDT value. The nanocomposites containing 0.3% MWCNT show the highest HDT value.
Differential Scanning Calorimetry (DSC).
The thermal parameters, melting temperature ( ), crystallization temperature ( ), and melting enthalpy ( ) were obtained from the DSC thermogram. Table 4 shows the DSC thermogram readings. The melting temperature of PBT is lower in the blends (PBT/PC, 80 : 20) compared to the virgin PBT. The lowering of this temperature for PBT/PC is due to the decreasing concentration of PBT. Incorporation of MWNT causes an increase in delta value. The increase is up to 0.3% of MWCNT. This may be due to the stiffening effect of MWCNT on the matrix. Above 0.3%, the crystallinity of PBT may be affected and hence the reduced value. The heat of fusion values shows very interesting behavior. The Δ value for the PBT/PC blend is lower than the value expected. But this value is less than that of virgin PBT. The PBT/PC blend does not show much variation in compared to virgin PBT. This may be due to less disturbance of the crystallinity of PBT in the blend. The nanocomposite shows a higher value than the blend. The crystallization temperature for all nanocomposites is little higher than that of the virgin PBT. Faster cooling can be achieved. The crystallite or spherulites sizes may be reduced and transparency may be improved. 
Dynamic Mechanical Analysis (DMA).
The viscoelastic nature of the various nanocomposites was characterized by dynamic mechanical analysis. Glass transition temperature ( ), storage modulus ( I ), loss modulus ( II ), and tan were obtained from DMA. Figure 2 shows the temperature verses storage modulus I of PBT, PBT/PC blend, and various nanocomposites. It can be observed that the storage modulus of the nanocomposites is higher than that of the PBT/PC blend. In all nanocomposites, the incorporation of MWCNT causes a measurable increase in stiffness. The storage modulus of PBT/PC is increased by the stiffening effect of the nanotubes. This effect is significant at temperature below of PBT. This shows that the reinforcing effect of MWCNT is mainly active in the amorphous phase.
The tan curves of the various blends and MW nanocomposites are shown in Figure 3 . It can be seen that tan peak of the nanocomposites shifted to slightly higher temperature compared to that of pure PBT and becomes broader. This can be explained by the strong interaction between the MWCNT and the matrix. This increase in property diminishes due to the increasing concentration of MWCNT which causes agglomeration in the matrix. The maximum of tan is taken as the glass transition temperature ( ) and is almost the same for all the material.
Scanning Electron Microscopy.
Morphology is a major factor in determining the mechanical properties of the polymer blends and multiwall carbon nanocomposites. 
X-Ray Diffraction.
Wide angle X-ray analysis was conducted on the PBT, PBT/PC nanocomposites to investigate the effect on the structure of the nanocomposites; WAXD patterns of the nanocomposites are shown in Figure 5 . The characterization peaks of pure PBT were also observed for the nanocomposites and the position of the peaks remained almost unchanged with the introduction of MWCNT, despite some change in the peak intensity. The intensity of the peak is less in PBT/PC when compared to the nanocomposite due to the semicrystalline nature of PC which reduces the intensity of the peak. This result shows that the incorporation of MWCNT into the PBT and PBT/PC matrix does not change the crystal structure of the nanocomposites. The crystallinity of the nanocomposites was slightly increased with the introduction of MWCNT, which may be explained by the super cooling temperature. In the nanocomposite, MWCNTs act as a strong nucleating agent in the PBT matrix, and the crystalline temperature shifts to higher temperature, implying that the super cooling of the nanocomposite was increased with the introduction of MWCNT. When the polymer crystallized with more super cooling, it crystallized more perfectly than the less super cooling, and thus the crystallinity of nanocomposite may Journal of Polymers 5 Journal of Polymers be slightly increased with the introduction of MWCNT. Hence, the mechanical properties like tensile strength, flexural strength, and modulus increased and the impact strength was decreased.
In the nanocomposite, MWCNTs act as a strong nucleating agent in the PBT matrix, and the crystalline temperature shifts to higher temperature, implying that the super cooling of the nano composite was increased with the introduction of MWCNT. When the polymer crystallized with more super cooling, it crystallized more perfectly than the less super cooling, and thus the crystallinity of nanocomposite slightly increased with the introduction of MWCNT. Hence, the mechanical properties like tensile strength, flexural strength, and modulus were increased up to 0.30%. The impact strength was increased first and then decreased but was higher than that of PB.
Conclusion
The ultimate tensile strength of the nanocomposites increased from 54 MPa to 85 MPa with addition of MWCNT up to 0.3% and then decreased. The tensile modulus values were increased to about 60% and the flexural modulus was more than about 80%. The impact strength was also 60% improved with 20% PC and 50% improved with 0.15% MWCNT. The HDT also improved from 127 ∘ C to 205 ∘ C. It can be seen from XRD result that the crystallinity of PBT is less affected by incorporating MWCNT. The crystallization temperature for all nanocomposites is little higher than that of the virgin PBT. Faster cooling can be achieved. Hence, the mechanical properties like tensile strength, flexural strength, and modulus were increased up to 0.30%. The impact strength was also improved with 20% PC to about 60% and with 0.15% MWCNT to about 50% and then decreased but was higher than that of PBT. The results suggest that the MWCNts act as strong reinforcement in PBT/PC blends. The crystallizing temperature was increased and the MWCNT may act as strong nucleating agent. The nanotubes are well dispersed in the polymer matrix (up to 0.3% of MWCNT).
The result shows that a small amount of MWCNT is enough to improve the mechanical properties of the PBT/PC matrix. In the present work, it has been shown that PBT/PC/MWCNT thermoplastic nanocomposites can be produced with tensile strength, tensile modulus, flexural strength, and flexural modulus considerably higher than those of PBT or PBT/PC blend. In conclusion, the addition of MWCNT offers a simple and effective means to produce nanocomposites. The MWCNT in PBT/PC blends may be useful as an ultraviolet (UV) stabilizer in the outdoor applications like automotive applications with higher mechanical and thermal properties though the electrical insulation may be little lower.
